-activated Cl Ϫ channels (CaCCs) are critical to processes such as epithelial transport, membrane excitability, and signal transduction. Anoctamin, or TMEM16, is a family of 10 mammalian transmembrane proteins, 2 of which were recently shown to function as CaCCs. The functions of other family members have not been firmly established, and almost nothing is known about anoctamins in invertebrates. Therefore, we performed a phylogenetic analysis of anoctamins across the animal kingdom and examined the expression and function of anoctamins in the genetically tractable nematode Caenorhabditis elegans. Phylogenetic analyses support five anoctamin clades that are at least as old as the deuterostome/protosome ancestor. This includes a branch containing two Drosophila paralogs that group with mammalian ANO1 and ANO2, the two best characterized CaCCs. We identify two anoctamins in C. elegans (ANOH-1 and ANOH-2) that are also present in basal metazoans. The anoh-1 promoter is active in amphid sensory neurons that detect external chemical and nociceptive cues. Within amphid neurons, ANOH-1::GFP fusion protein is enriched within sensory cilia. RNA interference silencing of anoh-1 reduced avoidance of steep osmotic gradients without disrupting amphid cilia development, chemotaxis, or withdrawal from noxious stimuli, suggesting that ANOH-1 functions in a sensory mode-specific manner. The anoh-2 promoter is active in mechanoreceptive neurons and the spermatheca, but loss of anoh-2 had no effect on motility or brood size. Our study indicates that at least five anoctamin duplicates are evolutionarily ancient and suggests that sensory signaling may be a basal function of the anoctamin protein family.
TMEM16; calcium-activated chloride channel; gene phylogeny; evolution; osmosensor; Caenorhabditis elegans CALCIUM-ACTIVATED CHLORIDE CHANNELS (CaCCs) were first electrophysiologically described in the 1980s from Xenopus oocytes and salamander retinal cells (4, 7, 60) . These channels have now been measured in a wide array of cell types and may function in a number of cellular processes including modulation of transmitter release from photoreceptors, secretion of fluids from epithelial cells, membrane excitability in cardiac muscles and neurons, and olfactory signal transduction (24, 28, 35, 52) . The molecular identity of the protein(s) responsible for CaCC activity has been controversial. Although several candidate proteins have emerged over the last 30 -activated Cl Ϫ current containing all of the properties associated with endogenous CaCCs (13, 77, 100) . ANO1 belongs to a family of 10 related proteins in mammals (61) that was given the name "anoctamin" or ANO (anion and octa, 8 transmembrane domains) (100) . ANO1 is expressed broadly in mouse secretory epithelial cells that are known to have CaCC activity, and a variety of epithelia from ANO1 knockout mice were shown to have defective Ca 2ϩ -dependent Cl Ϫ secretion (3, 63, 73) . ANO1 expression overlaps with cystic fibrosis transmembrane conductance regulator (CFTR) in airway epithelium and has been proposed as a possible therapeutic target for cystic fibrosis (24) . ANO1 may also play roles in smooth muscle contraction and nociception and is overexpressed in some cancer cells, where it may become useful for tumor diagnosis (24, (27) (28) 52) . ANO2 (TMEM16B), which is the direct paralog of ANO1 (35, 61) , is the only other family member confirmed to function as a plasma membrane CaCC by multiple laboratories (66, 78, 84) . ANO2 is expressed in the cilia of dendritic knobs in olfactory sensory neurons (36, 69, 84) . When exposed to odorants, G protein-coupled olfactory receptors in these neurons elevate cAMP, which then activates cyclic nucleotidegated Ca 2ϩ channels. Ca 2ϩ activates CaCCs, which then amplify depolarization; ANO2 is a candidate protein for this channel activity (66, 78, 84) . However, CaCC activity was recently shown to be dispensable for olfaction behavior performance in mice under standard laboratory conditions, raising questions about the role of CaCCs in this system (8) . ANO2 is also highly expressed in photoreceptor nerve terminals, where CaCCs may modulate neurotransmitter release (85) .
The molecular functions of the other anoctamins remain less clear. One problem is that ANO3-ANO10 often fail to efficiently traffic to the plasma membrane when expressed heterologously in cell lines, suggesting that they have intracellular functions or that they require cell-specific chaperones or accessory subunits for proper trafficking (25) . Conflicting reports have been made on the molecular function of ANO6 (50) ; it has reported to be an anion channel (31, 58, 80) and a nonselective cation channel (99) , and it has been demonstrated to play an important role in Ca 2ϩ -dependent phospholipid scrambling (46, 57, 88, 99) . A recent study reported that ANO3, ANO4, ANO7, and ANO9 also promote scrambling of phospholipids and/or glycosphigolipids (87) . Although the molecular functions of other ANOs are also unclear, some are known to play critical roles in general physiological and developmental processes. For example, mutations in ANO5 cause an array of musculoskeletal disorders (62, 92) , and mutations in ANO10 are linked to autosomal recessive cerebellar ataxias (16) . The Drosophila protein Axs, which is related to ANO8 and ANO10, is associated with the endoplasmic reticulum and plays a role in meiotic spindle assembly and chromosome segregation (49) . With these findings taken together, evidence is emerging that the anoctamin family may have functions far more diverse than just Ca 2ϩ -activated Cl
Phylogenetic analyses have demonstrated that the 10 mammalian anoctamins are likely present in all vertebrates and that ANO8 and ANO10 are divergent from the rest of the family (29, 35, 61, 72) . However, the evolutionary origins and broader phylogenetic relationships among anoctamins are largely unknown because these analyses have either ignored invertebrates or used limited sampling. Given that most of the anoctamin family is still poorly characterized and almost nothing is known about these proteins in invertebrates, we performed robust phylogenetic analyses of anoctamins across the animal kingdom and characterized the expression and function of anoctamins in the nematode Caenorhabditis elegans.
Our phylogenetic analyses support five anoctamin clades that are at least as old as the deuterostome/protosome ancestor, indicating that diversity in this protein family is much older than previously thought. Orthologs of ANO1 and ANO2 are found in many invertebrates, including the genetically tractable insect Drosophila. We identify two anoctamins in C. elegans named ANOH-1 and ANOH-2. ANOH-1 is basal to ANO1-ANO7 and ANO9, and ANOH-2 is an ortholog of ANO8. Fluorescent reporters indicate that the anoh-1 promoter is active in amphid and phasmid sensory neurons and the intestine. ANOH-1::GFP fusion proteins are expressed in ciliated endings of sensory neurons and in, or near, the plasma membrane of intestinal cells. RNA interference (RNAi) silencing of anoh-1 in neurons reduces osmotic avoidance behaviors, which are mediated by amphid neurons, without affecting cilia formation. The anoh-2 promoter is active in the spermatheca and in a set of neurons that mediate mechanoreception and motility. However, neither anoh-2 mutation nor RNAi had any reproducible effects on reproduction, motility, or behavioral responses to mechanical stimulation.
EXPERIMENTAL PROCEDURES
C. elegans strains and transgenes. The following strains and transgenes were used: wild-type N2 Bristol, QV13 unc-119(ed3), TU3335 lin-15B(n744) X; uIs57 [P-unc-119::YFP, Punc-119::sid-1, P-mec-6::mec-6], QV53 anoh-1(tm4762), and FX04796 anoh-2(tm4796). Unless noted otherwise, worms were cultured with Escherichia coli (OP50) on nematode growth medium (NGM) agar plates at 20°C using standard methods (11) .
Phylogenetic and bioinformatic analyses. The protein databases of the National Center for Biotechnology Information (NCBI) and WormBase (as of November 1, 2011) were searched for anoctamins using PROTEIN BLAST (59) with human ANO1 (NCBI accession no. NP_060513) as the query sequence; we only considered sequences with at least 250 amino acids and expect (E) values below 10 Ϫ17 . The focus of our phylogenetic analyses is on the evolutionary history of invertebrate (particularly nematode) anoctamins. Thus sequences were retrieved from C. elegans, Drosophila melanogaster, non-model nematodes (9, 10) , two exemplars of the lophotrochozoans, two basal metazoan phyla, and two invertebrate subphyla of Chordata (Cephalochordata and Urochordata). Human ANO1 to ANO10 were added to these invertebrate sequences as representatives of the vertebrate homologs, and the single anoctamin of yeast was included as the outgroup. A final data set of 76 anoctamins from 15 animal species and yeast was generated for the phylogenetic analyses. The 14 animal species covered nematode clades I, III, and V, eight diverse animal phyla (including the basal Cnidaria and Placozoa), and all three subphyla of Chordata.
The 76 anoctamin proteins were aligned with the E-INS-i option of MAFFT, version 6.814b (44) . This option is designed for protein sequences with multiple conserved domains and intervening segments with multiple gaps (i.e., the anoctamins with their conserved and interspersed 8 transmembrane domains). The initial MAFFT alignment was then manually trimmed to remove extensive gaps and ambiguously aligned segments (89) . The final alignment contained 851 amino acid positions.
Evolutionary trees were inferred with maximum likelihood (ML) and Bayesian phylogenetic (BP) approaches. A number of evolutionary models for protein sequences were compared with ProtTest, version 2.4 (1), to determine which was most appropriate. In these model comparisons, the Bayesian Information Criterion (BIC) was used instead of the more familiar Akaike Information Criterion, because it is more conservative for a relatively large data set like ours (26) . The LG replacement matrix (54) with a gamma distribution for rate heterogeneity among sites (101) was determined as most appropriate for our data set (LGϩ⌫). Maximum likelihood analyses with the LGϩ⌫ model were completed with PhyML, version 3.0 (32), using TBRϩNNI branch swapping started from a BIONJ tree in addition to 10 random addition trees. Phylogenetic reliability was assessed with 1,000 bootstrap replicates.
Bayesian phylogenetic analyses were completed with MrBayes, version 3.1.2 (74) . These BP analyses relied on one "cold" chain and three heated ones, which were each run for 40 million generations. Trees and other parameters were sampled every 1,000 steps from the cold chain after a 10% burn-in. However, MrBayes does not have the LG replacement matrix available as a fixed model, providing instead the earlier WAG matrix (95) . Thus the WAGϩ⌫ model was adopted instead for these BP analyses. Tracer, version 1.4.1 (68) , was used to monitor the mixing and convergence of the cold chain during each Bayesian run. Three independent runs were completed to ensure the convergence of the final results. Our application of the terms "paralog" and "homolog" follow those established previously (48) .
Hydropathy plots were generated by the ExPASy server using a 19-amino acid sliding window and the Kyte and Doolittle scale (30, 53) .
Generation of transgenes and transgenic worms. Transcriptional green fluorescent protein (GFP) reporters were generated by cloning genomic DNA fragments into plasmid pPD95.75. For anoh-1, the construct included 415 and 1,796 bases upstream from the start codons of anoh-1 alternative transcripts anoh-1b and anoh-1a, respectively; for anoh-2, the construct included 2,053 bases upstream from the single predicted start codon. Translational GFP reporters were generated using a PCR fusion method (40) as we have described previously (17, 18) . The entire genes and at least 2,000 bases upstream from start codons were amplified from genomic DNA and fused, in frame, to GFP at the carboxyl termini; genomic fragments were ϳ8 and 14 kb for anoh-1 and anoh-2, respectively. A second anoh-1 transcriptional reporter was generated by PCR fusion of the entire anoh-1 promoter and gene to GFP preceded by the intergenic region between the polycistronic genes lin-15b and lin-15a (19, 81) . Constructs were injected into N2 or unc-119 mutants using Pmyo-2:: tdTomato, Pmyo-3::dsRed2, or unc-119 markers. At least three independent lines were generated and examined for each fluorescent construct.
Rat TRPV1 cDNA was PCR amplified from a previously generated C. elegans expression vector (94) , and a promoter active in ASH neurons (Psra-6) was amplified from C. elegans genomic DNA. These two fragments were fused using PCR (40 (42) . Bacteria with plasmid pPD129.36 were used as a control for nonspecific RNAi effects. This control plasmid expresses 202 bases of dsRNA that are not homologous to any predicted C. elegans gene. dsRNA-expressing clones were generated by cloning the full-length anoh-1b and anoh-2 coding sequences into the dsRNA expression plasmid pGC31.
In vivo bioassays. Osmotic avoidance, brood size, nose touch, chemotaxis, body touch, defecation, noxious chemical avoidance, and motility assays were conducted as described previously (6, 14, 22, 38, 43, 47, 93) . All in vivo assays were conducted on standard NGM agar plates except for chemotaxis, which was conducted on modified NGM plates (1 mM CaCl 2, 1 mM MgSO4, 5 mM KPO4, pH 6.0, and 1.7% agar). A stable transgenic line expressing Psra-6::TRPV1 was fed anoh-1 dsRNA for at least two generations and then used for capsaicin avoidance assays (91) . A drop of 50 M capsaicin (diluted in M13 buffer: 30 mM Tris·HCl, pH 7.0, 100 mM NaCl, 10 mM KCl, and 2% ethanol) was placed in the path of a forward-moving worm, and the response was recorded as positive if a reversal of more than half a body length was observed. All assays were run without E. coli except for brood and defecation assays.
Microscopy. Fluorescence and differential interference contrast images were captured with an Olympus BX60 microscope with UPlanFL ϫ40/0.75 N.A. or ϫ60/1.25 N.A. oil lenses and a Zeiss Axiocam MRm camera. Confocal images were captured with a Leica TCS SP2 or a Zeiss LSM5 confocal microscope. Dissected intestines were stained with 0.75 g/ml CellMask orange (Invitrogen, Grand Island, NY) for 10 min in NGM buffer and fixed in 2% formaldehyde for 10 min before imaging on 0.5% agarose pads.
Quantitative PCR. Quantitative real-time RT-PCR was used to measure mRNA levels in L4-to-young adult-stage worms as described previously (17, 18, 67) . The housekeeping gene rpl-2 was used as an internal control to calculate relative expression levels with the Ct method.
Statistical analyses. Statistical significance was determined using a two-way analysis of variance when means were compared across multiple time points and a Student's t-test when two means were compared. P values Ͻ0.05 were taken to indicate statistical significance.
RESULTS
Anoctamin diversity is evolutionarily ancient. To determine the evolutionary relationships within the anoctamin protein family, we performed ML and BP analyses, two complementary model-based approaches that perform well under a variety of conditions (26, 41, 102) . The majority-rule consensus tree from the BP analysis is more fully resolved than the ML bootstrap tree (Fig. 1) ; this is often observed and may be caused by a number of different factors (2). Several major clades were supported by both approaches. Our following phylogenetic descriptions focus on the clades that have stringent statistical support (bootstrap scores and posterior probabilities of Ͼ95%) unless stated otherwise.
In both trees, ANO3, ANO4, and ANO9 form a joint clade that does not include any invertebrate proteins (bootstrap score of 82%), suggesting that this part of the family is specific to vertebrates. Alternatively, both trees support older invertebrate origins for the rest of the protein family. For example, both trees identify a joint ANO5 and ANO6 clade that includes a urochordate protein (bootstrap score of 70%), suggesting that this branch of the family is as old as chordates. ANO1, the best characterized anoctamin, forms a joint clade with ANO2 and proteins from deuterostomes and protostomes (bootstrap score of 83%), suggesting that this branch is at least as old as bilateral symmetry (64) . Furthermore, human ANO7, ANO8, and ANO10 each group directly with numerous invertebrate proteins, including orthologs from the ancient Placozoa and/or Cnidaria (bootstrap scores Ն75%) ( Fig. 1 ), suggesting that they date back to at least Eumetazoa (23, 82) .
An ortholog of ANO8 exists within C. elegans (i.e., ANOH-2), as well as within its congener, C. briggsae. This orthology is shared with Ascaris, which belongs to a different nematode clade (III) than Caenorhabditis (V). The other anoctamin of C. elegans (ANOH-1) belongs to a distinct clade, which includes orthologs from C. briggsae and other invertebrates but not from the other nematodes or human. This ANOH-1 clade includes sequences from Cnidaria and Placozoa, making it at least as old as Eumetazoa. The remaining nematode anoctamins form two separate clades. One is a unique lineage that includes orthologs from nematode clades I and III that we designate ANOH-N ("N" for nematode). The second is limited to three sequences from Trichenella (bootstrap score of 52% and posterior probability of 91%).
Orthologs of ANO8, ANO10, and the joint ANO1/2 clade exist in D. melanogaster (bootstrap scores of 96, 75, and 83%, respectively). Conversely, orthologs of ANO7 and ANOH-1 are not present in this species. D. melanogaster Axs (Dm_NP_476777) is an ANO10 ortholog.
Rooting the trees with the single anoctamin of yeast (Sc_NP_ 009643, the outgroup) produces three basal branches including an ANO8/ANO10 clade (bootstrap score of 83%), an unresolved cnidarian sequence, and a lineage of all other animal anoctamins (bootstrap score of 82%).
Unique and shared structural and functional features of anoctamins. The full alignment of all 76 anoctamins used in the ML and BP analyses is shown in Supplemental Fig. S1 . Fig. 1 . Anoctamin diversity is evolutionarily ancient. A: majority-rule consensus tree summarizing the 1,000 phylogenies from bootstrap maximum likelihood (ML) analysis. Bootstrap scores are presented next to those internal branches with Ͼ50% support. B: majority-rule consensus tree summarizing the 36,000 sampled trees from Bayesian phylogenetic (BP) analysis. Posterior probabilities are given next to those internal branches with Ͼ50% support, and branch lengths are drawn proportional to their expected amounts of change (i.e., to the means of their posterior density distributions). The branch leading to Ts_XP_003369023 was shortened for display (branch is 2.59 replacements per site). A and B: each sequence name consists of a 2-letter abbreviation for its genus/species followed by its database accession number in WormBase (Ce) or NCBI (all others). The human and Caenorhabditis elegans sequences also include their specific ANO and ANOH protein designations (in parentheses) as recognized in the literature. elegans anoctamins (ANOH-1 and ANOH-2) plotted against their hydropathy profiles. These hydropathy plots document that predicted TMD1 to TMD8 (relative to ANO7) correspond to regions of hydrophobicity; note that hydrophobicity is lower in predicted TMD2 and TMD5 compared with other TMDs. The sites of the two (potentially) alternative initiating methionines for the translation of the tm4762 allele of ANOH-1 are marked. The start of the deletion/insertion mutation that occurs in exon 9 of the tm4796 allele of ANOH-2 is marked. This latter deletion/insertion results in a frameshift mutation that leads to loss of TMD6 to TMD8. The alignments show homology within some regions that align to the predicted transmembrane domains (TMDs) of human ANO7 (21), but homology is low for TMD3 and TMD4 ( Figs. 2A and S1 ). Many of the predicted TMDs within the two anoctamins of C. elegans correspond to a region of hydrophobicity (Fig. 2B) . However, hydrophobicity of predicted TMD2 and TMD5 of ANOH-1 is low compared with the other predicted TMDs, suggesting the possibility of an alternative topology. A recent study used antigenic scanning to propose a modified topology model for ANO1 in which the region corresponding to the predicted reentrant loop of ANO7 is a transmembrane domain and the region corresponding to TMD6 of ANO7 is a reentrant loop (103) . Therefore, the topology between TMD5 and TMD7 may vary between family members.
There is little consensus on the mechanism of Ca 2ϩ regulation for ANO1; some reports suggest direct Ca 2ϩ regulation, but others imply a requirement for calmodulin (90) . Calmodulin was shown to interact with ANO1, and calmodulin inhibitors reduced ion conductance of mouse ANO1 expressed in human embryonic kidney (HEK)-293 cells (90) . Although direct binding was not demonstrated, a region in the cytosolic amino terminus of a specific ANO1 splice variant (abc) was identified as a potential calmodulin binding domain. However, this region is disrupted in alternative ANO1 splice variants and is not well conserved with any other paralogs (thus not included in our final alignments). A region containing consecutive acidic residues (EEEEE) between TMD2 and TMD3 was shown to couple Ca 2ϩ and voltage to channel gating (98). ANO1-ANO5, ANO7, and ANO9 share at least three of these glutamic acids (Fig. 2A) ; ANOH-1 shares one and ANOH-2 shares none ( Fig. 2A) . A more recently implicated sequence (EYMEM: E/D-Y/F-M/L/Q-E-M/T/L/Q) occurs at the beginning of the predicted loop of the revised ANO1. The two acidic residues in this sequence (E or D) were shown to play an important role in Ca 2ϩ sensing or gating (103), and they are broadly conserved across the whole protein family, including ANOH-1 and ANOH-2 ( Fig. 2A) .
All vertebrate anoctamins except ANO8 and ANO10 were previously predicted to contain a cyclic nucleotide-monophosphate binding domain that begins before TMD1 and ends near the midpoint between TMD1 and TMD2 (61). Our alignments extend this prediction to all invertebrate anoctamins except for ANO8 (which includes ANOH-2), ANO10, and ANOH-1 clades ( Figs. 2A and S1 ). The region just after TMD1 is missing from the vertebrate and invertebrate homologs of ANO8 and ANO10 and is either absent or highly diverged in the ANOH-1 clade. ANO8, ANO10, and ANOH-1 constitute basal clades according to both phylogenies (Fig. 1) , and thus this domain is likely a unique feature of the more derived anoctamins.
C. elegans ANOH-1 and ANOH-2. As indicated above, C. elegans has two anoctamins named ANOH-1 and ANOH-2. These proteins are schematically represented in Fig. 2B above a plot of hydrophobicity and with predicted transmembrane domains highlighted. There is an allele of anoh-1(tm4762) that removes portions of exons 1 and 2 of full-length ANOH-1 (97) . Sequencing of cDNA from worms with this allele suggests that a protein is still likely translated from alternative translation initiation sites at amino acids 95 and 98. The effect of this truncation on protein function may be minimal, because it occurs well before the first transmembrane domain. An allele of anoh-2(tm4796) removes a portion of exon 9 and inserts 16 novel bases (97) . Sequencing of cDNA from this mutant indicates that the allele causes a frameshift and premature termination that removes the last three predicted transmembrane domains (data not shown). Given that these domains are conserved and that transmembrane domains are generally important to the function of transmembrane proteins, anoh-2(tm4796) likely has strong deleterious effects on any functions that ANOH-2 may have.
ANOH-1 is expressed in sensory neurons and the intestine. The 10 mammalian anoctamins are expressed in diverse tissues and have been implicated in numerous physiological processes (24, 28) . To determine the expression pattern of anoh-1 in C. elegans, we generated transgenic animals with transcriptional and translational GFP reporters as shown in Fig. 3A . The anoh-1 transcriptional reporter was consistently and highly expressed in amphid (Fig. 3B) and phasmid (Fig. 3C ) ciliated sensory neurons in the head and tail, respectively. Low expression was also occasionally observed in the posterior intestine (not shown). When injected at a low concentration (5 ng/l), a full-length translational ANOH-1::GFP reporter was consistently targeted to the anterior ciliated endings of amphid neurons (Fig. 3D) . ANOH-1::GFP was also localized in phasmid cilia, but expression was less focused than in amphids (Fig. 3E) . When injected at a high concentration (50 ng/l), ANOH-1::GFP was still targeted to sensory cilia but was also observed in or near the membrane of amphid cell bodies (Fig.  3F) . ANOH-1::GFP was also occasionally observed in or near the plasma membrane of intestinal cells (Fig. 3G) . We also generated a transcriptional construct that expressed GFP polycistronically downstream from the entire anoh-1 promoter and gene that should contain all regulatory regions upstream and within the anoh-1 gene. The distribution of GFP with this more complete reporter was identical to the shorter transcriptional reporter shown in Fig. 3 , B and C, except that intestinal expression was brighter and more consistent (Fig. 3H) .
To further examine subcellular expression of ANOH-1, we used the promoter for vha-6 to drive high expression of ANOH-1 fused to GFP in the intestine, which has the largest somatic cells in C. elegans. The fusion protein was enriched near or within the membranes of the intestine (Fig. 3I, left) . We also colocalized ANOH-1::GFP with the amphipathic plasma membrane dye CellMask (79) (Fig. 3I, middle and right) . ANOH-1::GFP and CellMask appeared to be colocalized in cell borders. Confocal microscopy at higher magnification further supported colocalization (Fig. 3J) . Taken together, these data indicate that anoh-1 is expressed in amphid and phasmid sensory neurons and intestinal epithelial cells. Within sensory neurons, ANOH-1 appears to be targeted to sensory cilia. Within the intestine, ANOH-1 appears to be enriched near or in the plasma membrane.
ANOH-1 contributes to osmotic avoidance. There are 12 pairs of amphid neurons and two pairs of phasmid neurons in C. elegans (5) . The ciliated endings of many of these neurons are either directly or indirectly exposed to the environment through pores in the cuticle. Amphid and phasmid sensory neurons function as chemoreceptors that are used to find food, avoid noxious conditions, and find mates. The expression pattern of anoh-1 (see Fig. 3 ) suggests that it may have a role in these processes. To determine if anoh-1 is required for amphid neuron function, we measured chemosensation, mechanoreception, and avoidance of high osmolarity behaviors in anoh-1 loss-of-function worms. A worm strain (TU3335) engineered to be sensitive to neuronal RNAi (12) was fed anoh-1 dsRNA for at least two generations and then used for high osmolarity avoidance assays in which worms are placed on agar that has a fresh ring of high osmolarity on the surface; wild-type worms avoid the high osmolarity and remain within the ring (93) . As shown in Fig. 4, A and B , fewer anoh-1(RNAi) worms avoided 8 M glycerol and 4 M NaCl relative to control(RNAi) worms after 10 and 15 min (P Ͻ 0.001).
Using real-time RT-PCR, we confirmed that RNAi reduced anoh-1 mRNA levels by 92% (Fig. 4C) . Worms with the small amino-terminal anoh-1(tm4762) deletion allele (Fig. 2B) were not reproducibly defective for osmotic avoidance (Fig. 4A) , suggesting that tm4762 is not a loss-of-function allele.
We then tested for defects in chemotaxis to two strong chemoattractants (benzaldehyde and diacetyl) and response to mechanical nose touch and noxious chemicals; anoh-1(RNAi) worms were not reproducibly defective for chemotaxis [diacetyl chemotaxis indexes were 0.65 Ϯ 0.03 and 0.73 Ϯ 0.02 for control and anoh-1(RNAi), respectively, n ϭ 3 trials, P ϭ ANOH-1 is not required for amphid cilia development. Forward genetic screens have identified mutations in several genes that disrupt osmotic avoidance in C. elegans (5, 6) . These fall into two categories, mutations that disrupt development of the amphid neurons and ones that disrupt signal transduction pathways while preserving general neuron structure. Lipophilic dyes such as DiI are absorbed by intact cilated amphid neruons but not by neurons that fail to form complete connections to the environment through ciliated dendrites (65, 83) . As shown in Fig. 4D , amphid neurons in anoh-1(RNAi) worms fill with DiI, indicating that anoh-1 is not required for cilia development.
ANOH-1 is expressed in ASH neurons. When a worm moves toward a steep increase in osmolarity, the paired ASH amphid neurons initiate a signaling cascade (37) that results in the avoidance behavior. DiI stains a specific subset of six amphid neurons including the ASH and is a useful tool to identify specific neurons (33) . As shown in Fig. 4E , top, the three ventral DiI-staining amphid cell bodies are clearly identified, with ASH in the middle. As shown in Fig.  4E , bottom, anoh-1 drove GFP expression in the nucleus and cell body of the same ASH neuron stained with DiI (ASJ was also positive). Fig. 4 . anoh-1 is required for osmotic avoidance and is expressed in osmotic avoidance neurons. A and B: TU3335 worms were fed control or anoh-1 double-stranded RNA (dsRNA) for at least 2 generations. A ring of 60% (8 M) glycerol (A) or 4 M NaCl (B) was created on a standard nematode growth medium agar plate. Immediately after the glycerol or salt rings dried, 10 young adult worms were picked to the center of each ring. Worms were observed for 15 min and scored for avoidance (remained inside the ring); n ϭ 12-13 plates. C: real-time RT-PCR quantification of anoh-1 mRNA levels in control and anoh-1(RNAi) worms; n ϭ 5 populations of ϳ200 worms. D: merged fluorescence and brightfield images of DiI staining in control and anoh-1(RNAi) worms. E: fluorescence micrographs of amphid neurons stained with DiI (top), expressing GFP driven by the anoh-1 gene (middle), or a merged image (bottom). F: control and TRPV1 transgenic worms were fed control or anoh-1 dsRNA for at least 2 generations and then tested for avoidance to capsaicin; n ϭ 34 -58 worms. Scale bars, 10 m. ***P Ͻ 0.001; ****P Ͻ 0.0001 vs. controls. Osmotic, noxious chemical, and mechanical stimuli are all sensed by ASH neurons; with all these stimuli, the ASH initiate reversal by synapsing with AVA, AVB, and AVD command interneurons that in turn control motor neurons (96) . Given that all these avoidance behaviors converge onto the same synapses and downstream neural network yet loss of anoh-1 only impaired the osmotic response, it is likely that anoh-1 has a role in detection of high osmolarity and not in more downstream response steps. To test this more directly, we determined if anoh-1(RNAi) impaired avoidance initiated by direct activation of the mammalian TRPV1 capsaicin receptor expressed transgenically in C. elegans ASH neurons. Expression of this receptor/cation channel in ASH neurons was previously shown to confer capsaicin avoidance, a behavior that is absent from wild-type worms (91) . This novel response bypassed the need for any previously identified cilia receptors or signal transduction proteins (OSM-9, ODR-3, OSM-10, and GLR-1) but did require a downstream glutamate transporter essential for neurotransmission from ASH to command interneurons (91) . As shown in Fig. 4F , anoh-1(RNAi) had no effect on capsaicin avoidance in TRPV1 transgenic worms, suggesting that ANOH-1 functions upstream or parallel to ASH depolarization.
ANOH-2 is expressed in mechanoreceptors, motor neurons, and the spermatheca. To examine anoh-2 expression, we generated transcriptional and translational GFP reporters as shown in Fig. 5A . The transcriptional reporter was expressed in the dorsal and ventral nerve cords, lateral touch receptors (ALM and PLM), and spermatheca (Fig. 5, B-D) . Within the head region, the transcriptional reporter was expressed in multiple neurons, including some that resemble cephalic sensilla (Fig. 5C, top) ; the fluorescence of the pharynx in Fig. 5C , top, is an artifact of high red fluorescent protein (RFP) expression used as a coinjection marker (Fig. 5C, bottom) .
We also made a translational anoh-2::GFP reporter containing the entire gene and 2 kb of promoter by PCR fusion. GFP expressed from this construct had the same systemic distribution as GFP from the transcriptional reporter. Within the spermatheca, ANOH-2::GFP was visible near the basal side cells (Fig. 5D) . Within neurons, ANOH-2::GFP distribution was diffuse (not shown).
Loss of ANOH-2 function does not impair motility, chemotaxis, touch reception, or reproduction. High expression of ANOH-2 in the spermatheca (Fig. 5B) suggested a role in reproduction. The spermatheca of hermaphrodites stores sperm and is the site of ovulation. Ovulation in C. elegans is controlled in part by inositol 1,4,5-trisphosphate-dependent Ca 2ϩ -mediated opening of the spermatheca (86) , and the number of fertilized eggs laid per hermaphrodite is highly sensitive to changes in the function of Ca 2ϩ signaling proteins (56) . We measured brood sizes of anoh-2(tm4796) homozygous animals. This allele removes most of the region linking TMD5 and TMD6 and is predicted to cause a frameshift and early stop codon removing TMD6 to TMD8 (Fig. 2B) . However, anoh-2(tm4796) brood sizes were not different from those of wildtype (188 Ϯ 27 and 217 Ϯ 14 for N2 and anoh-2, respectively, P ϭ 0.360), consistent with the conclusion that this gene has no role in ovulation; anoh-2(RNAi) also had no effect on brood size [337 Ϯ 13 and 309 Ϯ 19 for control and anoh-2(RNAi), respectively, P ϭ 0.230]. Additionally, expression in the ventral nerve cord and touch receptor neurons (Fig. 5B) suggested a function in mechanoreception or neuromuscular control. However, we observed no effect of anoh-2(tm4796) on motility or responses to gentle body touches that are detected by ALM and PLM neurons (15) (n ϭ 30 worms, P ϭ 0.056 for anterior touch; n ϭ 30 worms, P ϭ 0.901 for posterior touch). A recent phylogenetic study concluded that few anoctamin paralogs exist within invertebrates and that most anoctamin duplications are vertebrate specific (61) . In this study, we performed ML and BP analyses of anoctamins from human and representatives of major invertebrate groups to further assess the diversity of this protein family in the animal kingdom and to determine which orthologs of vertebrate anoctamins are shared with the genetic models C. elegans and D. melanogaster. A summary of our phylogenetic findings is shown in Fig. 6A . Our phylogenies suggest that at least five anoctamin clades are found broadly across the animal kingdom. Specifically, ANO7, ANO8, ANO10, and ANOH-1 represent ancient duplications that are at least as old as Eumetazoa (23, 82) , and a joint ANO1/2 clade is likely to be at least as old as the deuterostome/protostome ancestor (Bilateria) (64) . Alternatively, joint ANO3/4/9 and ANO5/6 clades are likely confined to chordates (Figs. 1 and 6A ).
One benefit of our ML and BP phylogenies is that they can be used to predict which model species are most appropriate for future experimental studies of different anoctamins. For example, because human ANO1 and ANO2 both function as CaCCs, it is reasonable to hypothesize that ANO1/2 orthologs of other species (i.e., D. melanogaster) will also share this function (Figs. 1 and 6A) . If so, then the experimental tractability of D. melanogaster could be leveraged to complement our understanding of CaCC function and regulation. Conversely, an ANO1/2 ortholog is missing in C. elegans; it instead expresses an ortholog of human ANO8 (i.e., ANOH-2) and ANOH-1, which was likely lost in humans and other vertebrates (Figs. 1 and 6A) .
C. elegans anoctamins are expressed in nonoverlapping sets of neuronal and epithelial tissues. Anoctamins are expressed in many mouse tissues, but with particularly high expression in epithelia and neurons (76) . Knockout of ANO1 in mice causes incomplete development of the trachea, disrupts Cl Ϫ secretion in many epithelial tissues, and causes lethality shortly after birth (3, 63, 71, 73) . Conversely, our data indicate that C. elegans anoctamins are expressed in a limited number of neural and epithelial tissues and that loss of function has no obvious effects on general development or health. Specifically, anoh-1 promoter activity was only apparent in a subset of ciliated sensory neurons and in the intestine (Fig. 3) ; anoh-2 promoter activity was observed in a broader but nonoverlapping set of mechanosensory neurons, nerve cord cells, and the spermatheca (Fig. 5) . Therefore, by expression alone, anoctamins would be predicted to have more limited and specialized functions in C. elegans than in mammals, which is consistent with the loss of anoctamin paralogs in this group of derived nematodes (Fig. 1) . Multiple mammalian anoctamins are often coexpressed in the same cell, but it is unclear if any function as heterodimers (25) . Our data indicate that ANOH-1 and -2 are expressed in distinct cells of C. elegans and therefore do not function as ANO heterodimers.
Molecular function of ANOH-1. Only ANO1 and ANO2 have been verified to be robust components of plasma membrane CaCCs by multiple groups (24) . The intracellular localization and molecular functions of other mammalian anoctamins have been more difficult to characterize (25, 50, 51, 76) . Sequence alignments and hydropathy plots predict that ANOH-1 is an integral membrane protein, and our expression and colocalization data suggest that it is localized in or near the plasma membrane of C. elegans cells (Fig. 3) . Future biochemical and electron microscopy approaches are needed to verify that ANOH-1 is a bona fide integral protein of the plasma membrane.
Alignments suggest that at least some of the topology of ANOH-1 may be similar to the electrophysiologically characterized CaCC ANO1 (Fig. 2) . Although these findings indicate it is possible that ANOH-1 could be a channel, attempts to identify ion channel activity have not been successful (data not shown). We were also unable to determine if ectopic expression of mammalian ANO2, a cilia targeted CaCC, could complement loss of ANOH-1, because the mammalian protein was not targeted to the plasma membrane in C. elegans (data not shown). Taken together, these observations imply that C. elegans anoctamins either require additional factors in their native cells or have a molecular function different from CaCCs.
Importantly, conflicting reports have found ANO6 to be either an anion channel or a cation channel (58, 99) . The study reporting ANO6 as a cation channel found that mutation of a glutamic acid in TMD5 reduced selectivity for sodium relative to chloride (99) . Interestingly, this position is occupied by a glutamine in all animal anoctamins (including ANOH-1) except for the two confirmed CaCCs, ANO1 and ANO2 (which have a lysine at this position), and ANO10 clade members (which have either asparagine, aspartic acid, or glutamic acid at this position) ( Figs. 2A and S1 ). Therefore, a lysine at this position appears to be a derived feature of ANO1 and ANO2. Further work is needed to determine if variation at this position correlates with ion selectivity in the broader family of anoctamins. Reports of anoctamins functioning in chromosome segregation (49) and membrane phospholipid scrambling (46, 57, 88, 99) suggest that the functions of anoctamins could be diverse. Future efforts to record channel activity from native C. elegans cells are needed to help resolve the question of molecular function.
ANOH-1 contributes to osmotic avoidance. In vertebrate olfactory neurons, odors activate G protein-coupled receptors that then activate cAMP-gated cation channels. Ca 2ϩ then activates CaCCs that amplify depolarization of the olfactory cilia by as much as 10-fold (36, 84) . Although a recent study demonstrated that CaCC activity is not essential for olfaction behavior performance in mice under standard laboratory conditions, it may be important in other conditions, or species, in which mucosal ion concentrations are low and favor Cl Ϫ -dependent depolarization over cation-dependent depolarization (8) . A similar signaling cascade is hypothesized to function in the cilia of C. elegans ASH amphid neurons, which mediate osmotic avoidance (37) . A G protein (ODR-3) and a TRP channel-related protein (OSM-9) are expressed in the ASH cilia where they are required for osmotic avoidance (20, 70) . The requirement of OSM-9 for osmotic avoidance can be complemented by transgenic expression of the cell volumesensitive mammalian channel TRPV4 (55) , and a genetically encoded calcium indicator has been used to demonstrate that high osmolarity induces rapid increases in ASH intracellular Ca 2ϩ (37) . If ANOH-1 is a CaCC, then OSM-9 could function upstream by mediating Ca 2ϩ entry when the ASH neurons shrink in response to high osmolarity. CaCC-mediated depolarization could be important in this system because the sensory cilia of ASH neurons are in direct contact with an environment of variable ionic composition and intracellular ion concentrations likely increase when the cilia shrink in the presence of an osmotic gradient. High intracellular ion concentrations would reduce gradients for cation entry but would increase gradients for Cl Ϫ efflux. ANOH-1 could also have an indirect role in general ASH function, but this seems less likely given that silencing did not disrupt ASH development (Fig. 4) or other ASH-dependent behaviors.
ASH neurons are responsible for rapid avoidance of noxious chemicals (5, 39, 75) and withdrawal from a light touch to the tip of the nose (43) in addition to osmotic avoidance. However, in our hands, ANOH-1 loss of function only impaired osmotic avoidance. ANOH-1 loss of function also had no effect on avoidance of capsaicin mediated by mammalian TRPV1 cation channels expressed in ASH neurons, which bypasses the requirement for native sensory receptor proteins. Taken together, these data suggest that ANOH-1 may function specifically in detection of osmotic stimuli and not in more general downstream signaling to command interneurons (Fig. 6B) . Similar to ANOH-1, it was previously shown that loss of a Caenorhabditis-specific protein (OSM-10) impairs behavioral responses to osmotic avoidance but not to nose touch or noxious chemicals (34) . Notably, ANO1 has been observed to be volume sensitive in mammalian cells (3) , and the single yeast homolog Ist2P plays a role in osmoregulation (45) .
Perspectives and Significance
The evolution and functions of the recently identified anoctamin proteins are poorly understood. Two closely related mammalian family members function as CaCCs. The functions of the other family members are unknown, poorly characterized, or controversial, and almost nothing is known about CaCCs in nonmammalian species. Our work is the first to analyze the phylogeny of the protein family in invertebrate metazoans and to begin characterizing the physiological function and expression of anoctamins in C. elegans. Contrary to previous predictions, we demonstrate that five major anoctamin clades are at least as old as bilateral symmetry and that close relatives of the two best studied CaCCs and basal anoctamins exist in D. melanogaster and C. elegans, respectively. Although further work is needed to understand the molecular function of C. elegans ANOH-1, our work is the first to demonstrate a role for an anoctamin in detecting environmental osmotic changes.
